a B S X R A C X The functional significance of the pigment migration in the compound insect eye during dark adaptation has been studied in diurnal and nocturnal Lepidoptera. Measurements of the photomechanical changes were made on sections of eyes which had been dark-adapted for varying periods of time. In some experiments the sensitivity changes during dark adaptation were first determined before the eye was placed in the fixation solution. No change in the position of the retinal pigment occurred in Cerapteryx graminis until the eye had been dark-adapted for about 5 minutes. The start of the migration was accompanied by the appearance of a break in the dark adaptation curve. During longer periods of dark adaptation the outward movement of the pigment proceeded in parallel with the change in sensitivity, the migration as well as the adaptive process being completed within about 30 minutes. In the diurnal insects chosen for the present study (Erebia, Argynnis) the positional changes of the retinal pigment were insignificant in comparison with the movement of the distal pigment in Cerapteryx graminis. On the basis of these observations the tentative hypothesis is put forward that the second phase of adaptive change in nocturnal Lepidoptera is mediated by the migration of the retinal pigment while the first phase is assumed to be produced by the resynthesis of some photochemical substance. In diurnal insects which have no appreciable pigment migration the biochemical events alone appear to be responsible for the increase in sensitivity during dark adaptation.
a B S X R A C X The functional significance of the pigment migration in the compound insect eye during dark adaptation has been studied in diurnal and nocturnal Lepidoptera. Measurements of the photomechanical changes were made on sections of eyes which had been dark-adapted for varying periods of time. In some experiments the sensitivity changes during dark adaptation were first determined before the eye was placed in the fixation solution. No change in the position of the retinal pigment occurred in Cerapteryx graminis until the eye had been dark-adapted for about 5 minutes. The start of the migration was accompanied by the appearance of a break in the dark adaptation curve. During longer periods of dark adaptation the outward movement of the pigment proceeded in parallel with the change in sensitivity, the migration as well as the adaptive process being completed within about 30 minutes. In the diurnal insects chosen for the present study (Erebia, Argynnis) the positional changes of the retinal pigment were insignificant in comparison with the movement of the distal pigment in Cerapteryx graminis. On the basis of these observations the tentative hypothesis is put forward that the second phase of adaptive change in nocturnal Lepidoptera is mediated by the migration of the retinal pigment while the first phase is assumed to be produced by the resynthesis of some photochemical substance. In diurnal insects which have no appreciable pigment migration the biochemical events alone appear to be responsible for the increase in sensitivity during dark adaptation.
It has been established t h r o u g h n u m e r o u s investigations that p i g m e n t m i g r ation is a p r o m i n e n t functional feature of the c o m p o u n d eyes in most a r t h r opods (see e.g. E x n e r (1891); P a r k e r (1932); T u u r a l a (1954); Miller (1958).
The investigations were carried out at the Marum field laboratory in BjSrk/5-Arholma. The establishment of the laboratory was made possible by support from the Office of Scientific Research of the Air Research and Development Command, United States Air Force, through its European Office (Contract AF 61 (052)-21).
In insects the photomechanical changes with light and dark adaptation in general are less pronounced in the diurnal species than in the nocturnal ones where the outward movement of the distal pigment mediates an efficient utilization of light during vision in dim light. In previously described experiments it was observed Ottoson (1959, 1960) ) that the dark adaptation in noctuid moths followed a characteristic course with two phases while in the diurnal species the adaptive process was continuous. Besides this the adaptive capacity in the moths was considerably greater than that in the diurnal Lepidoptera. The discontinuous course of the dark adaptation in the noctuid species was explicable on the basis of the assumption that the adaptive process in these insects is mediated by two types of receptors and hence analogous to the dark adaptation of the extrafoveal region in the human retina. Accordingly the adaptation in the diurnal insects with a simple adaptation curve akin to that for foveal adaptation in man would be mediated by cone-like receptors. However, for several reasons this explanation appears to be purely speculative. In view of the pronounced photomechanical changes in the nocturnal species it was more likely that the different course of dark adaptation in nocturnal and diurnal insects might be ascribed to the different behaviors of their retinal pigments. The experiments to be described here were carried out in order to see whether or not there is a temporal correlation between the sensitivity changes during dark adaptation and the movement of the pigment. The results strongly support the idea that the second phase of the adaptive process in the nocturnal species is linked to the photomechanical changes. The first phase of the sensitivity change in the noetuid moths during dark adaptation appears to correspond to the adaptive process occurring in the diurnal species and is most probably to be attributed to photochemical events in the visual cells.
By far the greater part of the present investigation has been carried out on the common noctuid moth Cerapteryx graminis. In addition some other nocturnal (Geometra papilionaria, Rhyacia augur) and diurnal (Erebia ligea, Argynnis adippe) species were also studied. Care was taken only to use fresh material. In one series of experiments the adaptive change was followed by recording the fall in threshold during dark adaptation (Bernhard and Ottoson (1960) ) for various periods of time and the eyes were subsequently placed in Bouin-Duboscq-Brasil's solution. The preparation was transferred to the fixation solution in dim light.
It was felt essential to collect a great amount of histological material because it could be expected that the location of the pigment of eyes adapted for the same periods of time would vary from one specimen to another. A second series of experiments was therefore run in which no recordings were made. In this series the animals were first light-adapted for 3 minutes in bright sunlight. The heads were then excised and placed in groups of 3 to 5 in beakers that were brought into a dark room. After varying periods of time the fixation solution was poured into the beakers. After 14 to 16 hours the specimens were transferred to 80 per cent ethanol and then embedded in paraffin-wax. Serial sections at 10 # were cut and stained with haemalum-eosin.
R E S U L T S

The Migration of the Distal Pigment in Cerapteryx graminis
T h e structure of the c o m p o u n d eye of Cerapteryx graminis is that typical of the n o c t u r n a l Lepidoptera. T h e crystalline cone is connected with the r h a b d o m e through a thin filament and s u r r o u n d e d by a n u m b e r of distal p i g m e n t cells.
FmURE I. Photomicrographs of sections of the compound eye of Cerapteryx graminis
showing the outward migration of the distal pigment during dark adaptation. A shows section of a light-adapted eye; B from an eye dark-adapted for 2 minutes, C, 6 minutes, D, 10 minutes, E, 20 minutes, and F, 30 minutes.
These cells move up and down with light and dark adaptation. In the lightadapted state the eye exhibits the optical properties characteristic of the eyes in diurnal species; i.e., each light-sensitive structure is only stimulated by rays entering through its own facet. In the dark-adapted state the pigment moves outwards and each light-sensitive structure can now be reached also by incident rays. Besides the distal pigment cells there are also basal cells which contain proximal pigment. These cells are located at the basement membrane. According to Tuurala (1954) the proximal pigment in the nocturnal Lepidoptera shows no migration with light and dark adaptation.
In all the eyes that were fixed in the light-adapted state the distal pigment was found to assume the innermost position extending to the limit for the distal ends of the rhabdomes (Fig. 1A) . This was also the case for eyes that were allowed to dark-adapt for less than 5 minutes (B). This finding implies that there is a certain latent period before the pigment begins to move. The precise duration of this period was difficult to determine because of the variations in the location of the proximal border of the pigment from one eye to another within a group of eyes which had been dark-adapted for the same period of time. In one and the same eye the pigment was further found to extend to various limits in different regions. Because of these variations it cannot be excluded that the pigment actually starts to migrate outwards earlier than after 5 minutes. Any movement during this initial stage must, however, be very slow. In eyes which had been dark-adapted for periods exceeding 5 minutes the pigment assumed positions successively closer to the crystalline cones the longer the eye had been kept in the dark. This outward movement is clearly demonstrated in Fig. 1C-E . In the outermost position that usually was attained within 20 to 30 minutes the pigment is concentrated between the crystalline cones, as shown in F. The migration of the pigment to the outer position allows a more efficient utilization of the available light, as was pointed out by Exner (1891). The time relation between the sensitivity changes and the positional changes of the distal pigment is demonstrated in Fig. 2 . The two upper curves illustrate the typical course of dark adaptation in two different preparations of Cerapteryx graminis. The third curve shows the distance of migration of the distal pigment plotted against time in darkness. The distance travelled by the pigment is here given in per cent of the distance between the two extreme positions that can be assumed by the pigment. A comparison between the dark adaptation curves and the migration curve shows that there is no migration during the first stage of dark adaptation. The appearance of the photomechanical event coincides with the transition from the first to the second stage in the adaptive process as revealed by the break in the adaptation curve. The outward movement of the pigment during the ensuing period of dark adaptation is at first rapid and then becomes gradually slower as the pigment approaches its outermost position. The interesting point is the close time relation between the photomechanical changes and the increase in sensitivity during the second phase of adaptation.
It has been reported by several authors (e.g. yon Frisch (1908)) that the distal pigment sometimes remains in the light-adapted position although the eye has been allowed to dark-adapt before being put into the fixation solution.
Various explanations have been given of this failure of the pigment, as will be further discussed below. In the present material we found in a number of sections of eyes which had been kept in darkness that the pigment had failed to move. In Fig. 2 the dots at zero migration level and 20 minutes of dark adaptation represent two eyes in which the pigment remained in the light-adapted position.
As described in a previous report (Bernhard and Ottoson (1960) ) some preparations were found to lack the second phase of adaptive change. This was also observed to occur in some of the experiments in the present investigation. In one of these experiments two series of measurements of the dark adaptation were run, each covering 30 minutes. During the first adaptation period the eye showed the usual course of adaptation with two phases. The eye was then light-adapted for 3 minutes and subsequently allowed to darkadapt again for 30 minutes. This time only the first phase of adaptation was present, as illustrated in Fig. 3 . At the end of the second period the eye was transferred to the fixation solution in the dark-adapted condition. Sections of this eye (Fig. 3) showed that the pigment remained fixed in the position characteristic of the light-adapted eye.
In this particular experiment measurements were also made of the relationship between the intensity of the stimulating light and the amplitude of response. These measurements were made at the end of the first dark adaptation period during which the eye exhibited the dual course of sensitivity change and subsequently at the end of the second adaptation period during which only the first phase appeared. The curves obtained are shown in Fig. 4 together with the curve for the light-adapted eye. As can be predicted from the sensitivity changes the eye lacking the second phase covers a considerably smaller range of adaptation than the eye possessing the two phases. The interesting point is the relation between the curve for the light-adapted eye and that for the dark-adapted eye with only the first phase present. The response of the light-adapted eye amounts to about 60 per cent of the response in the dark-adapted eye. This agrees well with earlier observations in diurnal insects (Bernhard and Ottoson (1960) ) and suggests a functional similarity with respect to adaptation between the eyes of diurnal species and the nocturnal eyes in which the second process has dropped out.
Pigment Migration and Sensitivity Changes in the Diurnal Species
It has been reported by several investigators (see Parker (1932) ) that the retinal pigment in diurnal insects shows very little migratory activity. Accord-ing to Demoll (1911) the photomechanical changes in Vanessa urticae are limited to movements of the proximal pigment and are completed within a few seconds. Since the maximal sensitivity in the compound eyes in diurnal Lepidoptera is not attained until after about 20 minutes of dark adaptation it appears not very likely that the adaptive changes are directly connected with the pigment migration.
Per" As seen there is no significant difference with respect to the location of the pigment in the light-adapted eye and in that dark-adapted for 14 or 25 minutes. In the eyes in B and C the dark adaptation was followed by recording the fall in threshold. The curves obtained showed that in both eyes the increase in sensitivity followed the usual continuous course extending over a range of about 1 log unit. The fact that this increase occurred without any appreciable alteration of the location of the pigment indicates that the explanation of the change in sensitivity must be looked for in some photochemical process.
D I S C U S S I O N
Following the classical studies on the structure and function of the compound insect eye by Exner (1891) great attention has been attached to investigations on the pigment migration in the arthropod eye. It is generally accepted that the outward movement of the distal pigment in the nocturnal insects plays a decisive role for the efficient utilization of light at low intensities of illumination. No attempts seem, however, to have been made to study the relationship between the photomechanical changes and the increase in sensitivity during dark adaptation.
The results of the present investigation strongly support the view that in the noctuid moths the second phase of adaptive change is mediated by the outward migration of the distal pigment. This conclusion is borne out by the similarity in time course of the two events. Thus, the transition to the second stage of adaptation occurs simultaneously with the beginning of the pigment migration, and during the ensuing progress of adaptation the increase in sensitivity closely follows the migratory changes. It might be argued that besides the photomechanical effect there may also be a resynthesis of photochemical pigment that may contribute to the increase in sensitivity. This possibility can at the present time not be entirely excluded. Against the explanation that the second phase is produced by the additive effect of photochemical and photomechanical processes speaks the fact that what appears to be a pure first phase is only present in eyes in which the pigment has failed to move.
The failure of the pigment to migrate was first described by von Frisch (1908) who noted that the distal pigment in certain noctuid Lepidoptera did not move when the eye was isolated from the head. Similar observations have been reported by several authors (Demoll (1909, 191 l) ; Day (1941) ; DupontRaahe (1950)) and have been interpreted as evidence of a nervous regulation of the pigment migration. It has also been shown (Kiesel (1894)) that some insects when kept in darkness for several days exhibit a rhythmic diurnal pigmentary migration. This observation has led to the assumption that the pigment is under hormonal control, as has been established for crustaceans (Welsh (1930) ).
On the basis of studies on a great number of lepidopteran nocturnal insects Tuurala (1954) arrived at the conclusion that the movements of the pigment are under neither hormonal nor nervous control. The diurnal rhythm that may occur can be explained as a result of the general activity rhythm of the
insect (Tuurala (1954) ). In the present investigation we have not studied whether or not Cerapteryx exhibits a rhythmic migratory activity. At the outset of the investigation it was supposed that the presence of pigment migration induced by the general activity of the animal or by other factors would seriously interfere with pigment movements elicited by light or absence of light. On the basis of the present material it is not possible to decide to what extent the variations in migration in eyes dark-adapted for the same periods are to be attributed to variations in the general state of activity of the animals or to a diurnal rhythmical migration. Even if the movements of the pigment are influenced by for instance diurnal alterations there is no doubt that the state of illumination governs the migration.
In the diurnal Lepidoptera (Bernhard and Ottoson (1960) ) the increase in sensitivity of the visual cells when the eye is kept in darkness can apparently not be attributed to positional changes of the pigment. The most probable explanation appears to be that the adaptive change is the result of some photochemical process akin to that mediating the fall in threshold in the visual cells in the human retina during dark adaptation. The striking similarity between the adaptation in the diurnal Lepidoptera and that in the noctuid eyes in which the pigment fails to migrate suggests that diurnal and nocturnal species possess a common basic mechanism for dark adaptation. The range of increase in sensitivity mediated through this mechanism varies from one species to another but generally seems to be comparatively small. It is quite sufficient for the diurnal species which are only active during the light hours of the day. In the nocturnal species the first phase of adaptation covers the same range as the adaptation in the diurnal species. It is to be supposed that with only this phase present the noctuid moths would be completely blind at night. However, in addition to the basic adaptation of limited range they have developed a migratory mechanism by which they are able to attain a considerably greater increase in sensitivity during vision in dim light.
